Abstract-This paper presents the design, fabrication, and measurement of triple band metamaterial absorber at 8 GHz, 10 GHz and 12 GHz which are in the X-band frequency range. The unit cell of the metamaterial consists of three concentric copper rings at different radii, printed on 0.8 mm thick FR4 substrate in order to obtain triple resonant frequencies. The highly symmetrical ring structure in nature makes this absorber insensitive to any polarization state of incident electromagnetic (EM) waves for normal incident waves. The proposed structure is capable to operate at wide variations angle of incident wave. The simulated result shows that the triple-band metamaterial absorber achieves high absorbance for normal incident electromagnetic waves of 97.33%, 91.84% and 90.08% at 8 GHz, 10 GHz and 12 GHz, respectively, when subjected to normal incident electromagnetic. With metamaterial absorber maintaining 50% of absorbance value, the corresponding full width half maximum (FWHM) are 5.61%, 2.90% and 2.33%. The operating angles in which the metamaterial structure can maintain 50% absorbance at TE mode and TM mode are 67 • and 64 • , respectively. The experimental result verifies that the absorber is well performed at three different resonant frequencies with absorbance greater than 80%.
INTRODUCTION
Metamaterials have attracted many researchers for many years due to their unique properties which can be integrated to several devices to improve the desired performance. Metamaterial structures are artificially engineered structures with unique electromagnetic properties that are not found in nature [1] . The structures are typically developed by periodic arrangement of metallic unit cell on dielectric layer. Some metamaterials are designed in aperiodic form [2] , and some are designed by having multiple layers with same materials [3] or different materials [4] . An example of metamaterial is left-handed metamaterial which was designed using the principle of double negative permeability, µ, and permittivity, ε, [5] [6] [7] . Left-handed metamaterial does not exist in nature but can be artificially realized. However, simultaneous negative value of µ and ε can be achieved in certain range of frequencies [8] . Most researches have taken into account the aspects of real part of µ and ε in their design of metamaterial. By considering the imaginary part which also contributes to the loss, the metamaterial electromagnetic absorber can be constructed. The development of metamaterial as absorbers potentially creates electromagnetic devices with amazing performance over a wide range of operating frequency. The applications of the metamaterial include the invisibility cloaks, bolometer, spectroscopy, thermal emission and sub-wavelength imaging [9] [10] [11] [12] [13] .
EM based metamaterial absorbers are designed based on the principle of lossy surface which matches with the free space impedance at resonant frequency [14] . To fulfill this condition, the imaginary part of refractive index, n(ω), which contributes to the energy loss, should be large enough. This can be achieved by proper design of the metamaterial structure [15, 16] . Simultaneously, the values of µ(ω) and ε(ω) should be the same in order to achieve the condition where metamaterial absorber impedance is Z(ω) = 1 which indicates that the impedance of the structure matches the free space impedance [17] .
Perfect metamaterial absorbers are achieved if both transmission and reflection of incidental waves are zero. Hence, the maximum absorbance of the metamaterial absorber is obtained. However, this condition occurs only in narrow frequency range for most metamaterial absorber designs. Many works have been done to enhance the operating frequency of the metamaterial absorber such as designing them in multi-band and broader bandwidth [18, 19] . Such designs are quite challenging because they require perfect impedance that match the free space to obtain large losses. Apart from absorbance issue, the metamaterial absorber should be polarization insensitive which will not limit the desired application. The polarization sensitive types of absorber can work for EM waves with one particular polarization only. Additionally, good metamaterial absorber should be capable to operate at large variation angle of incident EM wave.
In 2008, Landy et al. [20] demonstrated the first experimental result of metamaterial specifically characterized as an electromagnetic (EM) absorber. The nearly perfect absorber was designed using Electric Field Driven LC (ELC) resonator on cut-wire separated by a dielectric layer. However, this structure only works on single frequency, polarization dependent and had large thickness. Since then, number of simulation and experimental results are published related to metamaterial-based EM absorber from radio up to the optical frequency [21] [22] [23] . Another ELC based metamaterial absorber was proposed by Tao et al. [24] in the terahertz frequency band, which consists of two dielectric layers, an ELC and a metallic layer. This structure had a wide angular bandwidth, but it is still polarization sensitive with large thickness. Dincer et al. [25] proposed a design of metamaterial absorber which consists of an isotropic ring resonator with gaps, known as Octa-star strip (OSS) structure located at the top substrate, and a metallic layer located at the bottom substrate. Both layers are separated by a dielectric substrate. This structure is independent of polarization and incident angle variation which has a strong dual-band resonant. Sabah et al. [26] introduced a perfect frequency selective surface (FSS) metamaterial absorber (MAs) based on resonator with dielectric configuration in microwave and optical frequency ranges. Six different structures were examined which showed perfect absorption, polarization independent and incident angle independencies. The proposed structures were also simple and easy to tune at desired frequency. Huang and Chen [27] designed a metamaterial absorber based on rectangular ring structure. This structure operates at three different frequency bands which are C-, X-, and Kubands. The results show that the structure is polarization insensitive and operate at wide variation of incident angle. Sun et al. [28] proposed a metamaterial absorber design using multilayer slit ring resonator (SRRs) structure of an extremely broad frequency band absorber. The multilayer structure is used to induce a successive anti-reflection in wide frequency range. The drawback of this design is that it needs four layers, resulting in the increment of overall thickness.
In this paper, a triple-band circular ring metamaterial absorber is presented. The structure resonates at three different frequencies which are 8 GHz, 10 GHz and 12 GHz. Simulation and experimental procedures are conducted to determine the absorbance characteristics for variation of polarizations of normal incident EM waves. Next, the performance of the absorber for both transverse electric (TE) and transverse magnetic (TM) waves with oblique incident angle up to 60 • is investigated in the experiment. EM field and current distributions are analyzed to demonstrate the physical behavior of the absorber. The advantages of the proposed structure are high symmetry, simple design, wide operating angle, thin substrate and multi-band operation with high absorbance. Due to the nature of circular ring shape which is highly symmetrical, it is not sensitive to any polarization states for normal incident waves. The design is also simple so that the dimension can be easily changed to operate at other frequencies. The designed absorber can also operate in wide angle of incident EM waves.
METAMATERIAL ABSORBER DESIGN AND SIMULATION
The design of triple-band circular ring metamaterial structure using FR4 material with dielectric constant of 4.6 and loss tangent of 0.019 is shown in Figure 1 . The schematic of the proposed unit cell metamaterial structure consists of dielectric substrate sandwiched by two metallic layers. The top metallic layer is triple resonant copper layer constructed by three circular rings structure with different The resonant frequency of the ring highly depends on the effective length of the ring and less dependent on the width of the ring. By selecting the reasonable widths of the rings, the absorbance value can be optimized. The gaps between rings are needed to separate ring structures to obtain different resonant frequencies. The gaps between the rings do not significantly influence the resonant frequencies but will influence the magnitudes of the metamaterial absorber. This is because the circular ring structure is an electric resonator. The existence of gaps acting as capacitors which coupled the electric component of incident electromagnetic waves. When the circular rings structure is strongly coupled to the incident electric field, it contributes to the frequency dependent electric response. However, it has a weak response to the incident magnetic field. To improve the design further, a full metallic ground layer is placed at the bottom of the substrate to improve the magnetic coupling due to the magnetic field incident waves. The flux of the incident magnetic component can be coupled within the dielectric layer and produces anti-parallel surface current due to the existence of a full copper ground layer at the bottom substrate. The advantage of using full metallic ground layer is that the analysis can be simplified by minimizing the value of reflectance. To obtain the maximum absorbance, the transmittance value is zero for all frequency ranges.
The simulation is carried out with advanced EM simulator (CST software) using frequency solver. The S-parameter results are obtained from the simulation and analyzed. The absorbance, A(ω), can be calculated by A(ω) = 1 − |S 11 | 2 − |S 21 | 2 . Since the full metal layer is used in this design, S 21 is zero for all cases. Therefore, the analysis can be simplified to A(ω) = 1 − |S 11 | 2 . The simulation result of the normal incident waves for triple band circular ring metamaterial absorber is presented in Figure 2 . The result shows high absorbance at all three resonance frequencies which are 97.33%, 91.84% and 90.08% at 8 GHz, 10 GHz and 12 GHz, respectively, with the corresponding FWHM of 5.51%, 3.42% and 2.65. The triple resonant frequency of 8 GHz, 10 GHz and 12 GHz is contributed by the largest, middle and smallest circular rings, respectively.
To understand the physical behavior of the metamaterial absorbers, the electric field distribution, magnetic field distribution and surface currents are simulated at all resonance frequencies. Figure 3 shows the electric field distribution for triple-circular-ring metamaterial absorber. It can be observed that for the case of E-field, the concentration of power loss distribution is strong at +y and −y-axes of the ring structure since it is parallel to the electric field component of the incident EM waves. At the first resonance frequency of 8 GHz, the concentration of E-field current is strong at g 2 as shown in Figure 3 (a). This is because the first resonance is contributed by the largest circular ring so that the electric field component is coupled to the gap between the largest and the middle circular rings. Figure 3(b) shows the E-field distribution for the second resonance frequency at 10 GHz. From the figure, strong current is noticeable at g 1 and some significant amount of current distribution seen at g 2 . The reason is that the middle circular ring provides the second resonance at 10 GHz so that the electrical component is coupled at both gaps of g 1 and g 2 . For the third resonance frequency as shown in Figure 3 (c), the electric field distribution is strong at g 2 due to the resonant element of the smallest circular ring. The electrical component of the third resonance is coupled to the g 2 between the smallest and middle circular rings. For H-field, the concentration of power loss distribution is strong at +x and −x-axes and weak at −y and +y-axes of the ring. This is due to the magnetic component of EM waves, which is parallel to the x-axis of the ring structure. At the first resonance of 8 GHz, the concentration of the H-field current is strong at g 2 as shown in Figure 4(a) . This is because the first resonance is contributed by the largest circular ring so that the magnetic field component is coupled to the gap between the largest and the middle circular rings. For the second resonance at 10 GHz, strong current is noticed at g 1 , and some significant amount of current distribution is noticed at g 2 as shown in Figure 4(b) . As mentioned previously, the middle circular ring provides the second resonance at 10 GHz so that the magnetic component is coupled at both gaps of g 1 and g 2 . For the third resonance shown in Figure 4(c) , the magnetic field distribution is strong at g 2 due to the resonant element of smallest circular ring. The magnetic component of third resonant is coupled to g 2 between the smallest and middle circular rings. The simulated current distribution shows that the resonance characteristic between E-and H-fields is the same except for the location of the current distribution, which is perpendicular to each other. Subsequently, the surface current distribution is investigated. Upon interaction with incident electromagnetic waves, the dipolar response is observed in which the currents flow upward and downward alternately at the left and right sides of the ring as shown in Figure 5 . There are also magnetic responses associated with circulating displacement currents between the two metallic layers that contribute to the power loss in the metamaterial structure. The dipolar pattern of currents flow can also be observed at full metal plane at the bottom layer but the pattern is more dispersive than the flow of currents at the metal rings. The concentration of the currents is dependent on the operating frequency where the lowest resonance frequency (8 GHz) is given by the largest ring while the middle resonance (10 GHz) occurs at the middle ring, and the highest resonant frequency (12 GHz) is concentrated in the smallest ring. The surface currents at the metal rings and metal plane are observed. It is shown that the anti-parallel direction of the observed excited currents proves the existence of magnetic resonance response [29] . This absorber shows high absorbance as the interaction of EM waves on the structure experiences both electric and magnetic resonances.
POLARIZATION SENSITIVITY AND OPERATING ANGLES
Polarization insensitive and large operating angles characteristic are the main concern in EM absorber design. These two characteristics are very important to overcoming the common limitation of absorber that operates in single polarization state and small operating angle. Perfect absorber can operate at any polarization state, having large operating angle and able to absorb almost 100% of the incident EM waves for normal incident angle. From various reports, there are a lot of metamaterial absorber designs which can absorb almost all incident EM waves for normal incident angle. But, as the incident angle is varied, the absorbance will normally decrease because the ability of the metamaterial structures to drive the circulating current in the substrate between two metallic layer is decreased [10] .
As presented before, the triple band circular ring metamaterial absorber shows good absorbance for normal incident of EM waves at three resonant frequencies while the symmetrical circular geometrical property makes this structure insensitive to all polarization state for normal incident waves. To determine the response of this absorber for different angles of incident EM waves, simulation work is carried out for variation of TE and TM polarization incident waves. For TE polarization incident waves (TE mode), the electrical component of excitation EM waves is always tangential to the surface of absorber for any incident angles. For TM polarization incident waves (TM mode), the magnetic component of excitation EM waves should be tangential to the surface of absorber for all incident angles of excitation waves. Figure 6(b) shows the simulated result of absorbance magnitudes of the proposed metamaterial absorber for TM polarization incident waves. At 0 • , the absorbance at three resonant frequencies, 7.99 GHz, 9.90 GHz and 12.11 GHz, are 98.24%, 94.47% and 90.88%, respectively. When the incident angle is altered to 20 • , the resonant frequencies are slightly shifted to higher frequency. The corresponding resonant frequencies are shifted to 8.03 GHz, 9.99 GHz and 11.94 GHz with absorbance of 99.38%, 88.93% and 91.58%. The incident angle is then altered to 40 • . Thus, the corresponding resonant frequencies are shifted to 8.25 GHz, 10.24 GHz and 12.18 GHz with absorbance of 99.90%, 80.11% and 79.18%. Subsequently, the incident angle is set to 60 • which generates observed resonant frequencies at 8.27 GHz, 10.22 GHz and 12.06 GHz with absorbance of 95.11%, 60.59% and 64.00%. The incident angle is then increased until 64 • . This is the maximum angle that enables the absorber to absorb at least 50% of the incident EM waves. At this incident angle, the resonant frequencies are 8.28 GHz, 10.24 GHz and 12.19 GHz with absorbance of 91.66%, 58.11% and 50.00%, respectively. The incident angle is then extended to 80 • . It is noticed that the absorbance for the first resonant is still above 50% which is 57.61% at 8.29 GHz. For the rest, 27.92% and 28.61% absorbances are noticed at 10.25 GHz and 12.13 GHz, respectively.
It is observed from both cases that the operating angle is nearly 65 • . The incident angles larger than 65 • are no longer able to drive the circulating current between two metallic layers. Hence, it causes the impedance mismatch between the metamaterial absorber and free space thus resulting in the reduction of absorbance magnitude. Overall, the results for TE and TM polarization incident waves are almost the same due to their symmetrical characteristic of circular ring.
FABRICATION AND MEASUREMENT
Based on the simulation, the dimension of triple circular rings metamaterial absorber is optimized. The 300 mm × 300 mm metamaterial absorber which consists of 1089 triple ring elements made of metallic copper (5.96 × 10 7 S/M) on FR4 dielectric substrate is fabricated using printed circuit board (PCB) Figure 7 . The fabricated triple band circular ring metamaterial absorber. technique. The structure is shown in Figure 7 . The fabricated structure is then measured to verify the EM absorbing characteristics. The measurement of the metamaterial absorbing structure is carried out in a microwave anechoic chamber as shown in Figure 8 . Two horn antennas are mounted on a semicircle-shaped track and can be moved to a specific angle. Both antennas are connected to a vector network analyzer (VNA) at port 1 (input) and port 2 (output). The horn antenna connected to port 1 transmits EM waves onto the sample sheet, and the reflected EM waves will be received by the horn antenna connected to port 2. The received signal presents the magnitude of reflection of the sample sheet. It will be displayed by the VNA. Pyramidal microwave absorber is placed on the surrounding of the sample sheet to eliminate any unwanted signals between the horn antennas. The reflection spectra are recorded from 7 GHz to 13 GHz by a vector network analyzer (VNA) connected to the transmitting and receiving horn antennas. In the experimental setup, reflection measurement is calibrated with an aluminum board as a perfect reflector. The sample sheet of metamaterial absorber is placed on a similar dimension of square aluminum board to measure solely on the reflection since the transmission under this arrangement is almost zero for all frequencies. The simulated and measured EM absorbances of TE polarization incident waves for normal incident waves are compared and shown in Figure 9 . The experimental result is comparable to the simulated one with a slight frequency shift. The simulated absorbance at three resonance frequencies, 8 GHz, 10 GHz and 12 GHz, are 97.33%, 91.84% and 90.08%, respectively. In measurement, the corresponding resonant frequencies shift to 8.10 GHz, 10.14 GHz and 12.14 GHz with the absorbance of 91.88%, 83.11% and 85.74%, respectively. The absorbance values from measurement are slightly lower than the simulation. This can be due to the scattering from the structure and the mutual coupling between both horn antennas [1] . The frequency shift occurs due to the fabrication tolerance and dielectric dispersion of the substrate. The FWHM from simulation are 3.69%, 2.90% and 3.36% at 8 GHz, 10 GHz and 12 GHz, respectively. For measurement, FWHM are 3.27%, 2.77% and 4.16% at 8.10 GHz, 10.14 GHz and 12.15 GHz, respectively. The FWHM results for the measurement are well agreed with the simulation. Figure 10 shows the measured result of triple band circular ring metamaterial absorber for TE and TM polarization incident waves. The measurement is done for oblique incident angle of 0 • , 20 • , 40 • , and 60 • . Incident angle larger than 60 • cannot be carried out due to the effect of direct coupling between the transmit and receive antennas. For better measurement result, highly directive transmitted and received antennas can be used with small side lobes. Figure 10 (a) shows the measured result of absorbance magnitudes of triple band circular ring metamaterial absorber for TE polarization incident waves. It shows that the operating frequencies for all cases are slightly shifted to higher frequency due to the same reason as mentioned previously. At 0 • incidence angle, the absorbance at three resonance frequencies, 8.10 GHz, 10.14 GHz and 12.14 GHz, are 91.88%, 83.11% and 85.74%, respectively. When the incident angle is altered to 20 • , the resonant frequencies are 8.10 GHz, 10.15 GHz and 12.15 GHz with absorbance of 85.21%, 86.03% and 76.54%, From the measurement result, it is observed that the difference of oblique incident EM waves gives a slight effect on the resonant frequencies. However, the absorbance magnitudes from measurement are higher than the simulation for large oblique incident angles. This is due to the direct coupling between the transmitted and received horn antennas. It is suggested that the measurement should be done in larger anechoic chamber room and using the integration of electromagnetic lens with the transmitted and received horn antennas to focus the beam of the antennas so that it can be more directive. Overall, the resonant behavior of the triple-band circular ring metamaterial absorber is successfully observed for the three resonant frequency of interest.
CONCLUSION
In summary, a triple-band circular ring metamaterial absorber has been designed, fabricated and measured. The performance of this metamaterial absorber is observed in term of absorbance and operating angle. The measured and simulated results agree well with each other with slight frequency shift. To understand the physical behavior of the triple-band circular metamaterial absorber, the surface current, electric field and magnetic field distribution are plotted and studied. For future work, several structures will be studied which can work at multi-band frequencies with high absorbance that can maintain at least 95% of absorbance up to 40 • incident electromagnetic waves.
